excitation [3, provide insight into such reaction mechanisms for manipulation of defects on TiO 2 by using action spectroscopy measured by STM (STM-AS), whereby the response of a molecule is recorded as a function of applied bias voltage. [16] [17] [18] [19] H desorption on TiO 2 was chosen as a model system because it is the simplest reaction. We found that H desorption induced by the STM is a tunneling reaction facilitated by the reduction of the barrier width by the applied electric field together with excitation by the tunneling electrons. Although tunneling reactions of atoms/molecules induced by STM tips are reported 25, 26 , this reaction mechanism whereby the barrier width is reduced by the applied electric field has not been observed previously.
Apart from being an important reaction mechanism in other H/TiO 2 systems, such reaction mechanisms are also likely to be important in other atomic scale reactions as well. , respectively. 1-8, 14, 15 After applying a V s = +1.7 V pulse to the H for 1 sec., the spot corresponding to H disappeared due to desorption of H (Figure 1b) . In contrast, no change occurred when voltage pulses were applied with negative sample bias (up to V s = -5.0 V). These observations are in line with previous reports. 1-8, 14, 15, 27, 29 In order to investigate the reaction mechanism for H desorption, STM-AS was measured. When the tip was fixed at V s = +1.0 V and I t = 0.02 nA (with no additional tip displacement (TD = 0 nm)), the obtained spectrum showed two clear threshold energies at V s = +1.4 and +1.7 V (blue, filled squares and curve in Figure 2a ). Displacing the tip closer to the TiO 2 surface leads to a shift of the thresholds towards lower energy. For example, when the tip was moved towards the surface (TD = -0.04 nm), the threshold energies were shifted to V s = +1.3 and +1.6 V (green, filled triangles and curve in Figure 2a ) and with further displacement of the tip to -0.10 nm, the threshold energies were also further shifted to V s = +1.2 and +1.5 V (purple, filled circles and curve in Figure 2a ). Further shifts of the threshold energies were not observed for displacements of -0.14 and -0.20 nm (orange, filled squares and black, filled triangles in Figure 2a ). In contrast, displacement of the tip away from the surface to +0.1 nm led to a shift of the threshold energy originally at V s = +1.7 V to V s = +2.0 V (red, filled circles and curve). Figure S1 ). Also, the shift of the threshold energies (≈ 3.0 V/nm in -0.1 ~ +0.1 nm of TD) in STM-AS did not match with the shift in dI/dV spectra (≈ 6.0 V/nm) that is caused by tip induced band bending (TIBB) ( Figure S1 ). This implies that the reaction cannot be caused by dependent on the applied electric field. Finally, the possibility of electric field excitation was considered. We estimated the electric field generated in our experimental condition by carrying out simulations using a tip-sample distance of 0.4 nm at V s = +1.0 V 35 , with the SEMTIP program developed by Feenstra. 36 The electric field for the threshold energies of the shifted region (-0.1 < TD < +0.1 nm) was estimated to be 3.25 -4.00 V/nm. However, the reaction barrier obtained by the DFT calculation under the electric field (3.6 eV at 4.5 V/nm; black, filled circles in Figure 3 ) is not lower than the thermal activation energy estimated from the Arrhenius equation using the experimental condition (0.15 -0.19 eV at 78 K assuming that reaction rates and frequency factor are 1 -100 s -1 and 1 × 10 12 s -1 , respectively 37 ). We conclude therefore that the reaction cannot be caused by electric field excitation. Based on the above discussion, we conclude that the reaction cannot be caused by any one of these excitation processes.
Results and Discussion
Then, how does this reaction proceed? From the calculated potential curve under an electric field, it was found that while the height of the reaction barrier does not change significantly, either side of the maximum point (i.e. the points indicated by red arrows in To test this tunneling desorption mechanism further, we used STM-AS to measure any isotope effect on the reaction yield. STM-AS of D desorption from TiO 2 (110) showed a significant decrease (≈ 10 -4 ) in the reaction yield at V s = +1.8 V (black, filled square and curve in Figure 4a ) compared with H desorption (blue, filled square and curve in Figure 4a ).
where h is the Planck constant, m is the mass of hydrogen, V 0 is the reaction barrier (for detail, see supporting information 6). Equation 1 gives the dependence of T on m, so that with the mass of D being twice that of H, the multiplier factor of the exponential will increase by 2 given that the isotopic element does not change electronic properties such as V 0 . Figure 4a shows the H desorption yield spectrum together with the same spectrum re-plotted with the electric field multiplied by 2. The re-plotted spectrum (blue, open squares and curve in and the latter probably related to the electric field that narrows the width of the desorption barrier (see supporting information 7).
Conclusion
We have investigated the reaction mechanism of the desorption of a single hydrogen on the surface of TiO 2 (110) by STM-AS and DFT calculation under an electronic field. Our results clearly shows the new reaction mechanism of defect control on TiO 2 (110) by a narrowing of the desorption barrier due to the electric field, together with electron excitation.
Understanding the role of the tunneling reactions of H may be important for the application of TiO 2 and related materials in electronic devices.
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Methods
The experiments were performed with a low temperature STM (Omicron GmbH) To analyze the reaction mechanism, we used DFT calculations of the charged surface under an electric field. The DFT calculations were performed using the Tokyo ab-initio program package (TAPP). 44 We employed the Perdew-Burke-Ernzefhof (PBE) functional as the exchange correlation term 45 , ultrasoft pseudopotentials 46 and a plane wave basis set. In implemented in the DFT calculations. 47 In this method, electrons are subtracted from the slab to realize the positively-charged surfaces, and negatively-charged counter sheets are inserted in the vacuum regions to maintain overall charge neutrality. Threshold energy observed in STM-AS depending on TD. 
